A modified friction sliding process with a large applied normal load has been used to develop a gradient nanostructure in Cu using only a short processing time. A quantitative characterization of the variation in microstructure and strength has been carried out by combined use of electron backscatter diffraction and hardness measurements, and the data used to estimate the effective strain profile resulting from the processing treatment. The affected deformation volume extends to a large depth of more than 1 mm, with a top surface hardness of 2.28 GPa, corresponding to a four-fold increase compared to the initial undeformed material.
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A variety of techniques for generating gradient nanostructures in metals have been investigated, including surface mechanical attrition treatment [1, 2] , shot-peening [3, 4] , surface mechanical grinding treatment (SMGT) [5] , burnishing [6] [7] [8] and sliding deformation [9] [10] [11] [12] [13] . In this study we investigate a variant of sliding where one planar surface is moved over another while under a compressive load. In contrast to similar previously reported techniques [9, 10, 13] our modified platen friction sliding deformation (PFSD) process [14] involves the use of a significantly larger compressive load during sliding and an enhanced surface roughness, with the dual objectives of increasing the strain gradient introduced during deformation (as well as the near-surface hardness), and increasing the depth to which hardening takes place below the surface.
A detailed knowledge of the resulting strain gradient is important as this provides the basis for both evaluation and further development of computer models of surface deformation processes [15] . The shear strain profile (representing the material flow) can in certain cases be estimated by the use of microstructural markers, as demonstrated recently by Moering et al. [16] . Here we use quantitative microstructural data to explore an alternative approach for estimation of the effective strain profile, representing the equivalent strain in bulk deformation resulting in the same microstructural scale and hardness. This is a more general approach and provides information on the combination of the shear strain gradient, together with the local strain rate gradient (and hence any heating) and the material chemistry. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 For this purpose we use the electron backscatter diffraction (EBSD) technique for microstructural characterization. This has the advantage of allowing examination of large areas of material, and is therefore less sensitive to variations in the microstructure along the sliding direction at any given depth than transmission electron microscope-based observations. Additionally this technique allows a direct correlation of hardness measurements with the local microstructural characteristics.
As a model material, and to allow comparison with previous studies of friction sliding under different conditions [9, 10, 13, [17] [18] [19] [20] oxygen-free high conductivity Cu (99.9% purity) was used in this study. The initial material was in a fully recrystallized condition with an average grain size of 73 μm (determined ignoring annealing twins) and a nearly random texture. As illustrated schematically in Fig. 1a the PFSD system consists of two perpendicularly arranged loading frames. The sample is held with the outer surface in full contact with the friction platen (in this experiment a hardened steel bar) under a compressive load, applied using the horizontal loading frame. The compressive force is controlled using a load cell placed in line with the sample, on the opposite side of the friction platen. The sample is fully supported on its underside to prevent slippage during the friction sliding process. The friction platen is held by a separate vertical loading frame, which is used to push the platen down, resulting in deformation to the surface of the sample. The maximum sliding distance that can be achieved in one pass is determined by the space available for travel of the platen, which in our case was 60 mm.
In this study, Cu samples of size 11.5 x 11.5 x 9 mm 3 were used, with the square face of the 4 sample placed against the friction platen (of size 32 x 32 x 100 mm 3 ). The PFSD process was carried out at room temperature using a normal (compressive) stress of 44 MPa, a platen-sliding speed of 6.7 mm s -1 , and a sliding distance of 60 mm. In order to highly refine the microstructure the PFSD process was repeated using four passes over the same area (resulting in a total sliding distance of ≈ 240 mm and a total deformation time of less than one minute). Moderately high values of initial surface roughness for both the Cu sample and the friction platen were chosen (measured as Ra=5.1 μm and Ra=3.2 μm, respectively). The effect of surface roughness on the PFSD process is described elsewhere [21] . After deformation all samples were held at -18 °C in a freezer to prevent recovery and recrystallization during storage.
The microstructure resulting from PFSD was examined on polished cross-sections (perpendicular to the sliding surface, and containing the sliding direction), and was characterized using a Tescan Mira 3 LMH thermal field emission scanning electron microscope (FE-SEM) equipped with an Oxford Instruments HKL Nordlys Max EBSD system. The strength was estimated from Vickers micro-hardness indentations, using a load of 10 g and a load duration of 10 s on the same cross-sections. These values resulted in indent sizes in the uppermost volumes in the range of 9 -12 m. Accordingly in the top 100 m of the sample hardness indents were taken at 10 m intervals, but offset from each other along the sliding direction to achieve a minimum spacing between indents of ≈ 30 m. The indent in the cross section nearest the top surface was taken at a depth of 12 m. To allow an estimation of the strain gradient introduced during PFSD, samples of the same initial 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 material were also deformed by cold-rolling to a large von Mises strain of  vM = 5.2, and then examined using similar techniques. the microstructure is composed of fine nanoscale lamellae lying nearly parallel to the sliding direction, with an average spacing of about 50-100 nm,. Below this, the microstructure is composed of fine grains extended along the sliding direction ( Fig. 1d ). At greater depths the microstructure resembles a regular lamellar deformation microstructure, with elongated bands either parallel, or at a shallow angle, to the sliding direction ( Fig. 1e ). At still greater depths the initial grains can still be clearly identified, with some evidence of some plastic deformation inside the grains.
Based on both the FE-SEM and EBSD observations four depth regions, each with a typical microstructure, can be identified, as shown in Fig. 2 . Region I (0 -15 μm depth) is composed of a nanoscale lamellae microstructure. These nanoscale lamellae are mostly non-indexed in the EBSD maps, due to the high deformation level and their fine spacing. Region II (15 -50 μm depth) consists of fine grains, extended along the sliding direction ( Fig. 2a ). The EBSD data confirm that these grains are mostly separated by high angle boundaries. Region III (50   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6 -120 μm depth) consists of a regular lamellar deformation microstructure. It is seen that this structure becomes coarser with increasing depth from the friction surface. Region IV (> 120 μm depth) is composed of the mildly deformed initial grains. Similar to near-surface structures seen during wear [18] [19] [20] , the transition from region I to region II is markedly discontinuous, though in the present case region I extends to a much greater depth of 15 m.
The hardness (Hv) profile, measured in the sample cross-section at different depths from the friction surface, is plotted in Fig. 3a . Also shown is the hardness value at 0 μm depth and the hardness of the initial Cu before PFSD. The hardness profile shows a good correspondence to the microstructure, with hardness decreasing with increasing depth, from about Hv = 2.28 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 represents the thickness of the layer used to determine the D av at each depth. The values of D av increase with increasing depth from friction surface, as expected for a gradient structure.
Region II exhibits a noticeably smaller variation in D av , which combined with the large fraction of high angle boundaries and the more equiaxed grain shape compared to that in deeper layers, strongly suggests that the microstructure in this region results from a process of dynamic recovery and/or recrystallization, as has been seen previously in wear layers and friction deformation [17, 22, 23] . The formation of relatively large volume of such material in the present case, extending over 30 -40 μm can be understood based on the balance of heat generation due to the high local shear strain rate during PFSD, combined with the large thermal mass provided by the base material.
The hardness and boundary spacing data have also been combined to probe the strength-structure relationship in the deformed material. This is done here for the depth of up to 100 m, where the EBSD data for boundary spacing are considered most reliable. As seen in Fig. 3c the data can be described by a Hall-Petch plot with a slope (k HP ) of ≈ 180 MPa m 0.5 , calculated assuming  = HV/3.3 and a value of  0 = 20 MPa. The slope is slightly higher than that found for bulk Cu (k HP = 140 MPa m 0.5 ), as expected given that it is not possible using EBSD data to separate the contribution of grain boundary strengthening from Taylor strengthening due to loose dislocations and low angle boundaries in the deformed structure [24] . Similarly, although the spacing of the nanoscale lamellae near the top surface cannot be determined from the EBSD maps, based on a value of the Hall-Petch coefficient for Cu of between 140 and 180 MPa μm 0.5 , the measured hardness (1.87 GPa) corresponds 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   8 to a boundary spacing of between 65 nm and 110 nm, which agrees with the FE-SEM observations.
To estimate the effective strain profile as a function of depth in the samples treated by PFSD two approaches have been used. Firstly, following Zhang et al. [24] , by use of a master curve for boundary spacing as a function of strain for samples of the same initial Cu material deformed by cold rolling to a high strain of  vM 5.2 (Fig. 4a) . In each case the spacing was determined from EBSD measurements using a boundary misorientation definition of 1.5°.
Secondly, by use of hardness measurements, again using cold-rolled (CR) samples to provide a calibration curve (Fig. 4a) .
The resulting strain-depth profiles for the PFSD-treated samples are shown in Fig. 4b . The two curves show some differences, but nevertheless have a very similar shape for depths greater than 50 m, and highlight that some deformation takes place to depths of up to 3 mm during the PFSD process. It can be noted in particular that the comparison based on hardness data assumes that work hardening of a gradient structure can be equated directly to that in the cold-rolled sample, and in both cases the influence of any change in metal chemistry by mixing of impurities is neglected, though this is likely only to be important at the near-surface layer. Accordingly the measured hardness at the friction surface is not used in Fig. 4 . For similar reasons, the boundary spacing in region I, where nanoscale lamellae are found to form, has not been used for estimation of strain in the plot. It should be noted also that the strain-depth profile based on spacing is only determined to a depth of approx. 100 m, as at greater depths the boundary spacing cannot be determined reliably from the EBSD 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 data. The shear strain has also been estimated at locations where the shearing of the microstructural features within each grain can be clearly identified. These estimates, based on the shearing of either twin boundaries or deformation microbands, are marked in Fig. 4b .
It is seen that at depths of at least 90 m the effective strain follows closely the physical shear strain, which gives confidence to the use of the master curve based on the EBSD data.
The divergence of the curves based on hardness and microstructure reflects the complex nature of the deformation in the near-surface region, where the physical shear strain may exceed 100 [13] . Figure 4c compares the strain-depth profile in the top 200 m layer for PFSD with those reported previously for friction-sliding deformation of copper using lower normal loads [10] (obtained from measurements of the shearing of microstructural markers) and for shot-peening of iron [24] (obtained using hardness data). It is seen that the strain-depth profile obtained from Hv data follows a similar shape to the previously reported curves, but that the larger applied load results in larger strain at any depth, and a deeper deformation-affected zone. Interestingly, the PFSD strain-depth profile obtained from boundary spacing is similar to that found for shot peening [24] , though the total processing time for PFSD is only a fraction of that for shot peening.
In summary, it is found that modified friction sliding process, using a relatively large applied load, can be used to generate rapidly a gradient nanostructure in Cu at room temperature, with a deformation time of less than one minute. With increasing depth from friction surface, a non-uniform increase in the microstructural scale is found, in particular a sharp transition 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 from a 15 m nanostructured top layer to an extended region of fine grains where the grain size increases only slowly with depth. The change in hardness reflects the microstructural varation, falling rapidly from Hv = 2.28 GPa at the friction surface to Hv = 1.04 GPa at a depth of 100 m, with the deformation-affected volume extending to a depth of up to 3 mm below the sample surface. It is shown additionally how the microstructure and hardness measurements also allow an estimation of the effective strain-depth profile resulting from surface deformation process, providing complimentary data to measurements of shear strain based on material flow. In the present work Cu has been used as a model material. The process can nevertheless be applied to engineering materials for use under conditions of wear and friction, with the only requirement being that the friction-platen should be of sufficient strength. It can be concluded that PFSD provides a rapid and highly efficient method for introduction of a gradient nanostructure at the surface of metal samples of both fundamental and applied interest. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 expression. The inset shows the change in hardness in the top 200 m layer; (c) Hall-Petch plot relating spacing and yield stress for depths between 20 and 100 m. shearing of microstructural markers (microbands, twin, and microbands at depths of 90, 110, and 130 m respectively). The inset shows a magnified region of the Hv-based estimate using a log scale to show that strain is imparted to a depth of more than 1 mm; (c) comparison of the strain-depth profiles for PFSD with those reported for friction sliding of Cu under lower applied loads [10] and with the profile obtained for shot-peening of Fe [24] .
